I. INTRODUCTION
Schottky barrier metal-oxide semiconductor field-effect transistors (SB-MOSFETs) are considered one of the important candidates for post-CMOS technology. 1 The heavily doped semiconductor source and drain in the conventional MOSFETs are replaced by metal silicides in SB-MOSFETs. This approach not only reduces the parasitic resistance at contacts with source and drain but also relaxes the constraints imposed by doping-profile control on further scaling down of MOSFETs. However, the performance of SB-MOSFETs is inferior to that of conventional MOSFETs owing to the Schottky barrier (SB) at the source channel and drain channel contacts, which plays a role as the energy barrier for conducting electrons and holes. Extensive efforts have been made to lower the SBH so that the adverse effects of SB that appear as reduced on-state current, decreased sub-threshold swing and poorer switching performance can be avoided. By choosing appropriate metal-silicides, low SBH was achieved (e.g., platinum silicide 2 Φ p = 0.15-0.27 eV for p-MOS and erbium silicide 3 Φ n = 0.24-0.28 eV for n-MOS). However, in order to outperform (show comparable on-state current level with) the conventional MOSFETs, the SBH should be close to 0 eV or even negative.
Over the years, various attempts have been made to lower the SBH at silicon-silicide interfaces to improve the performance of SB-MOSFETs by, for example, dopant segregation, 4 inserting an ultrathin insulator at the interface, 5, 6 introducing organic molecules 7 or defects at the interface, 8 and tuning the metal work function using a capping layer or dopant-induced strain. [9] [10] [11] [12] The introduction of appropriate dopants at the silicide-silicon interface, e.g., B for PtSi and As for ErSi, known as dopant segregation, 4 has been successfully implemented. However, dopant segregation needs a high thermal budget and crucially relies on the ability to control the concentration and position of dopants. Additionally, it is difficult to implement in sub-20 nm devices. An inserted ultrathin insulator was able to lower the SBH because it depended on the Fermi level, 5, 6 but sufficiently low SBH has never been achieved so far.
We suggest that SBH can be lowered by uniaxial strain applied at both the channel and the source/drain and that therefore, the strain engineering is applicable for higher-performing SB-MOSFETs. Ab-initio calculation results on the variation in the SBH of holes (Φ p ) at PtSi/Si interfaces are provided to support our suggestion. The contact of PtSi and Si (001) was chosen as the test system because of its technological importance in p-type SB-MOSFETs, as well as for its better thermal stability and atomically sharp interface. 13 Strain engineering has been used for decades in conventional MOSFET technology to improve the carrier mobility in the conduction channel, so the possibility of SBH lowering was naturally tested in a number of experimental 6 and theoretical 14, 15 works that applied strain in the channel region for n-type Si or biaxial strain for p-type Si. However, to our best knowledge, uniaxial strain in both channel and source/drain has not thoroughly been tested so far. Indeed, the effect of strain on the contact metal has rarely been reported.
We also examined the conventional structural model of the interface and theoretical models of SB formation to construct our computational model and interpret the simulation results. Bulkterminated contact structures are conventionally used in many computational studies, even though the microscopic structure of the interfaces, such as defects, non-uniformity, and intermixing of metal and semiconductor atoms, affects the SBH. [16] [17] [18] [19] [20] We find that the penetration of Pt into the Si side stabilizes the interface more than do bulk-truncated interfaces, and it also lowers the SBH significantly. The SBH values from the theoretical models of SB formation were compared with ab initio calculations, and their validity and limitation were discussed. Because theoretical models mostly explain the barrier formation with electronic structure consideration only, the models showed limitations in SBH variation owing to structural changes.
In Section II, we present the computational methodology. In the first part of Section III, we evaluate the validity and limitations of a structural model of a metal-semiconductor interface and theoretical models of SB formation. Variation in SBH by applied strain on Si and PtSi is presented in the second and third parts of Section III, respectively. Finally, we present the main conclusions in Section IV.
II. METHODS
Ab-initio density-functional theory (DFT) calculations were carried out within the generalized gradient approximation (GGA) using the functional proposed by Perdew, Burke and Ernzerhof (PBE). 21 Note that the notorious GGA error in band alignment and band gap will not affect our conclusion because we mainly discuss the variations in SBH by applied strain rather than SBH itself. The Vienna ab initio simulation package (VASP) is used for the calculations. [22] [23] [24] The electronic wave functions were expanded on a plane wave basis set 25 using a kinetic energy cutoff of 400 eV. Core electrons and nuclei were described by projector augmented wave (PAW) potentials, 26 and 10 and 4 valence electrons on the Pt and Si atoms were used. Reciprocal space sampling was done with 11 × 11 × 1 Monkhorst-Pack 27 k-point mesh for structure optimization. Atomic structure is relaxed until all of the force components on the atoms became smaller than 0.02 eV/Å. Our DFT calculations yield the optimized lattice parameter of 5.47 Å (+0.7 % error) for Si crystals, which agrees well with the experimental value of 5.43 Å, in addition to the a = 5.95, b = 5.67 and c = 3.67 Å (within +2 % error) for PtSi.
We built an interface model structure in which the (001) surfaces of both PtSi and Si were in contact with each other. 1 × 1 unit cells of Si (5.47 Å × 5.47 Å) were used for the repeated unit in the parallel directions (i.e., (100) and (010) directions) of the interface. Eleven atomic layers of PtSi (approximately 19.65 Å of thickness) and 37 layers of Si (49.22 Å) were alternatively arranged in the periodic supercell ( Fig. 1(a) ). Two interfaces in the supercell were set to be symmetric in order to minimize the effect of the dipoles that were formed in the asymmetric periodic simulation cell. The Si part was chosen to be thick enough to guarantee the complete decay of the evanescent mode and the metal-induced gap states (MIGS) from the interface so that the electronic density of states (DOS) and electrostatic potential at the central part of the Si channel would become identical to those of Si single crystal ( Fig. 1(b) ). Given that the epitaxial growth of PtSi on the Si substrate is assumed in the present work, the lattice constant of PtSi was changed in order to adjust to the Si substrate while the Si lattice constant was unchanged by PtSi. The in-plain supercell size was set to be the same as that of the Si (001), and then the PtSi part was compressed to fit into this supercell. In this structure, PtSi is strained by −3.1 % in the (100) and −8.7 % in the (010) directions, and the resulting strain in the (001) direction (i.e., interface normal direction) is +7 % (c = 3.93 Å). The positions of every atom and the thicknesses of the supercells in the (001) direction were relaxed while 13 layers at the central part of Si were kept fixed. This structure was used as an unstrained interface throughout this work because there was no intentionally applied strain. The modeling methods for the strained structure are described in the pertinent sections.
The SBH of holes (Φ p ) is calculated using the following equation rather than reading the difference between the Fermi level (ε F ) of the PtSi and the valence band maximum (VBM, E V ) from the density of states.
∆V is the potential lineup term, which is the difference between the macroscopic average of the electrostatic potentials 28 in the bulk type PtSi (V PtSi ) and Si (V Si ) regions within the supercell. The band structure term ∆E bulk is the difference between the Fermi level of the bulk PtSi and the valence band maximum of the bulk Si where each is calculated with respect to the averaged electrostatic potential in a corresponding single crystal bulk. In Eq. (1), it is assumed that the Fermi level of PtSi and the VBM of Si relative to their corresponding electrostatic potential are the same at the single crystal and at the central of each part in slabs (i.e., ε F −V PtSi bulk = ε F −V PtSi center slab and
). Therefore, the change in SBH is the same as the change in the potential difference (V PtSi -V Si ) slab .
Charge neutrality level (CNL) is calculated as below to compare the DFT results with the theoretical models of SB formation. Tersoff's interface dipole theory 29 is used to determine the position of CNL within the silicon band gap. The cell-averaged real-space Green's function is calculated using the following expression 15, 29 
where k is the Bloch wave vector, n is the band index, E nk is the energy of the Bloch state and R is the lattice vector. The single propagation vector R ([110] as any disturbance reached farthest along this direction) is chosen, and k summation is done over the same k-point grid that was used in the self-consistent field calculations of the electronic structures. The contributions of conduction and valence bands to Green's function (in Eq. (2)), i.e., G C and G V , are calculated separately, and E CNL is defined as the energy that satisfies the conditions of Eq. (3).
III. RESULTS AND DISCUSSION

A. Evaluation of the structural and theoretical models
The calculated SBH is 0.36 eV of the DFT calculations for unstrained structures, which is larger than experimental observations, 0.15-0.27 eV. 30 We also compared SBH calculated with other exchange-correlation functionals because of GGA error in energy-level alignment. The SBH calculated using local density approximation (LDA) 31 and the Becke-Johnson meta-GGA functional as modified by Tran and Blaha (TB-mBJ) 32 were 0.28 and 0.69 eV, respectively. The PBE result was also corrected using the Heyd-Scuseria-Ernzerhof (HSE06) 33 hybrid functional by modifying Eq (1). as Φ p = ∆V PBE + ∆E HSE bulk . The HSE-corrected Φ p is 0.16 eV. The LDA and HSE results appear to agree with the experimental results. However, lower SBH was found at the more realistic interface structures, as described in the following paragraphs.
We evaluated the bulk-terminated interface model, which is conventionally used in computational studies, using less-abrupt interfaces generated by removing, adding or replacing atoms at the bulk-terminated interface, as shown in Fig. 3 . The formation energy of the modified interface by element X (Pt or Si) is defined as
where E tot and E 0 are the total energies of the modified and bulk-terminated interfaces, respectively, E X is the per-atom energy of element X in its bulk state, and n is the number of added or removed atoms of X. The negative sign reflects adding X, and the positive sign reflects removing X. Our results show that many less-abrupt interface structures are more stable than bulk-terminated structures ( Table I ), and that in particular, the interfaces with monotonically decreasing platinum density at the interface are more stable than other structures. In the 1 × 1 supercell calculations ( Fig. 3(a) and Table I ), Pt-I, Pt-sub1 and Pt-sub2 are more stable than bulk-termination. In the doubled-area 2 × 1 supercell, the structure that platinum density decreases slowly and monotonically (4-3-2-1-0 structure, Fig. 3(b) ) is lower in energy than the rapidly or non-monotonically changing structures. Indeed, the SBH of the most stable structures, the Pt-sub1 of the 1 × 1 supercell and the 4-3-2-1-0 of the 2 × 1 supercell, are approximately 0.1 eV lower than the bulk-terminated structure. Many experimental studies [34] [35] [36] have reported the diffusion of Pt atoms from silicide to silicon, which agrees with our energy formation calculations, which imply that SBH will be lowered by Pt penetration. If the same amount of SBH lowering occurs in other functional calculations, the LDA and GGA results are in the experimentally measured range, but the TB-mBJ and HSE06 results are out of the range.
We suspect that this inconvenient finding that SBHs from the calculation of less-accurate functionals (LDA and GGA) agree more with experimental observation than do those from the calculation of more-accurate functionals (TB-mBJ and HSE06) comes from the artificial compression of PtSi. PtSi in our periodic supercell calculation is compressed by 5% in volume. As is shown in the section on strain-on-silicide, this amount of compression can lower SBH by roughly 0.1 eV. Therefore, we expect that naturally formed SBH is ∼ 0.1 eV higher than our calculations. It is a great coincidence that the SBH lowering by Pt penetration and the error from artificially compressed PtSi nearly cancel each other out in the bulk-terminated interface.
Although we find evidence of error cancellation in the bulk-terminated interface model, there are many questions regarding reliable methods (i.e., structural model and exchange-correlation functional) for SBH prediction. Hence, we restrict ourselves in that not the SBH but the variation in SBH from the unstrained structure is mainly discussed.
We evaluate theoretical models of SB formation by comparing the ab initio calculations. Theoretical models of SB formation mostly lie in between the model of strong electronic coupling between metal and semiconductor and the model of no electronic coupling. In SBH without coupling, the Schottky-Mott (SM) model, 37 SBH is the difference between the Fermi levels of PtSi and the ionization energy of Si, which are separately calculated. SBH is calculated to be 0.68 eV, which is much larger than the PBE result in contact geometry (0.36 eV). At the strong coupling limit, known as the Bardeen limit, the Fermi level of metals is pinned at some level in the semiconductor gap, and therefore Φ p is the difference between VBM and that gap level. Various types of gap states were suggested such as charge neutrality level (CNL), 29 surface states, 38 metal-induced gap states (MIGS), 39, 40 defect induced states, 41 and disorder-induced gap states. 42 We consider CNL and MIGS because our structural model has no defects or disorder. Explicit calculation of CNL using equation (3) with Kohn-Sham states shows that the SBH from the CNL model was 0.35 eV. The SBHs for less-strong coupling cases are expressed with parameter S, as shown in the following equation, Φ p = E G − S(φ PtSi − E CNL ) − (E CNL − χ Si ), where φ PtSi is the work function of PtSi and E G and χ Si are the band gap and the electron affinity of silicon. S = 1 and 0 correspond to the SM model and the CNL model, respectively. The MIGS model for the PtSi/Si interface, using S = 0.08 as was obtained in an earlier study, 43 we estimate Φ p = 0.37 eV. SBH from strong pining models agrees well with the DFT results for the bulk-terminated interface.
Strong pining models capture the electronic effect well but miss the effect from structural changes. MIGS clearly appear at silicon near the interface (Fig. 2) . The interface dipole was induced toward PtSi ( Fig. 1(c) ) because of the electron transfer from PtSi to MIGS of near-interface Si. This dipole will elevate electronic Si energy levels compared with PtSi and lower the Φ p from the non-pining model. However, the lower SBH by Pt penetration cannot be explained with this model because the SBH in PBE calculations decreases, but it cannot be lowered by changing parameter S in the MIGS model.
B. SBH lowering by strain on silicon
After setting our reference at the unstrained silicide/silicon interface in section III A, we now turn to the strained silicon/silicide interface. The effect of strain would be different for the different crystallographic directions of the silicon. In current electronics technology, (100) and (110) channel directions on the (001) surface have been extensively used. In the present work, we strained the Si uniaxially along the (001) direction. Because we were particularly interested in the variation in SBH by applied strain rather than the absolute SBH value, we used bulk-terminated interfaces rather than the modified structures that were discussed in the previous section.
Strain is applied on Si along the (001) direction of conventional cell, and the lattice parameters along two other directions, (100) and (010), are determined using the calculated Poisson ratio. The Poisson ratio is 0.29, which is in good agreement with the experimental value of 0.28 for Si (001). 44 Because epitaxial growth in PtSi is assumed in this study, the PtSi lattice parameter along the interface parallel directions are fixed at a strained Si lattice parameter, and then PtSi is relaxed along the interface normal direction to release the stress. Thirteen layers of the Si central part were fixed, but supercell thickness and other atoms close to the interface were relaxed. SBH is lowered by uniaxial strain regardless of strain direction, as Fig. 4 shows. Φ p lowering can be explained either by narrowing the band gap (E s G ) of Si in the CNL model or by decreasing the ionization energy (IE) in the SM model (Table II) . Strain breaks the tetragonal symmetry of Si bonds, and the degeneracy of bands is lifted. Table II shows that E s G and IE decrease when strain is applied. Variations in E s G and IE, as with variations in the CNL, change the barrier height. In the CNL model, the uniaxial strain decreases the SBH (E V -E CNL ) up to 0.14 eV for 2% compressive strain. Earlier theoretical studies also found similar decreases in SBH irrespective of the direction of applied strain, 14 although quantitative matching was not possible because these studies looked at bi-axial strain. The trends in SBH changes from PBE calculations and model calculations are in-line with each other, but both the CNL and the SM models exaggerate SBH change. TABLE I. Formation energies (∆E) of various modified interfaces (with element X ) are given in eV. Modified sites are displayed in Fig. 3 . Pt-sub2 is the structure made by substituting the Si2 site. In the 2 × 1 supercell, only interstitial Pt atoms were considered owing to computational demands. The integers in the structure name of the 2 × 1 supercell are the number of Pt atoms at each atomic layer per 2 × 1 unit cell (4 for PtSi and 0 for Si). Table I and (b) for the lowest energy structure of 2 × 1 supercell calculations, denoted as a 4-3-2-1-0 structure with linearly decreasing density of Pt atoms. Pt1, Pt2, Si1 and Si2 indicate the vacancy cites for the modified interfaces. Pt-I (red dotted circle) is the interstitial Pt atom at a distance of roughly 2.5 Å from the Pt2. Pt-sub1 and Pt-sub2 (in Table I ) represent Pt atoms that substitute Si atoms marked as Pt-sub1 and Si2, respectively. Blue and gray balls represent Si and Pt atoms, respectively.
We analyze the effects of electronic and structural relaxation at the interface on SBH variation one by one. We began with the Schottky-Mott model, which ignores electronic relaxation as well as structural relaxation at the interface. The work function of PtSi and ionization energy of Si were calculated separately under applied strain in this step (Table II) . Earlier studies demonstrated that metal's work function increases with compressive biaxial strain and decreases with tensile strain, 8 which agrees with our calculations. As shown in Table II , the IE of silicon decreases and E V moves FIG. 4 . The variation in SBH (∆Φ p = Φ S p −Φ 0 p ) with applied strain on Si. Φ S p and Φ 0 p are the SBH values of strained and unstrained structures. The "SM model" was reserved for no electronic or structural relaxation, "No-relax" is for without structural relaxation, and "Relax" is for relaxed atomic structure calculation. upward irrespective of the direction of applied strain, and the IE reduces SBH, but by too much (Figure 4 ). In the second step, we relax the electronic density at the interface. SBH was calculated using contact geometry of PtSi and Si slabs separated by the minimum energy distance between rigid Si and PtSi ('No-relax' in Fig. 4 ). In this step, the positions of atoms were not relaxed but were fixed at their respective positions in the bulk. Electronic relaxation weakens changes in SBH. Large difference in the electronic chemical potential of PtSi and Si induces electron transfer from PtSi to Si, and the resultant interface dipole partially compensates for the change of Φ p . The mechanism of SB formation in this step is conceptually comparable with that from the CNL model; however, there is a mismatch between the CNL model and the ab initio calculations.
In the last step, we consider the effect of atomic structure relaxation at the interface. As is shown in Fig. 4 , structural relaxation further weakens the SBH lowering from the level by which it was lowered through electronic relaxation. Interestingly, SBH for tensile strain agrees well with CNL models, but they differ greatly regarding compressive strain; Φ p for −2, 0, and 2 % strains are 0.33, 0.36 and 0.28 eV in the PBE calculations and 0.22, 0.35, and 0.32 eV in the CNL model. These findings may refer to the effects of asymmetric structural change in compressive and tensile strain. Tensile strain, rather than compressive strain, seems to have more effect on SBH lowering; Φ p is lowered by as much as 0.07 eV for 2 % tensile strain, but it is lowered by 0.03 eV for 2 % compressive strain. The findings also imply that the strain on silicon improves the performance of SB-MOSFET not only by improving hole mobility (because of reduced inter-valley scattering) in the channel but also because of lowering the SBH.
C. Change of SBH by strain-on-silicide
As a different option from the conventional approach of strain-on-silicon, we also attempted to use strain-on-silicide to determine whether strain engineering was applicable to electrodes. Uniaxial strain was applied on PtSi along the (001) direction, normal to the interface. Because of our assumption about the epitaxial growth of the PtSi thin layer on the Si substrate, the lattice dimensions of PtSi along the direction parallel to the interface are fixed at unstrained Si lattice parameters; only the cell size of PtSi in the normal interface direction is changed according to the applied strain. All Si atoms were fixed except two layers at the interface.
SBH changes almost linearly with respect to the applied strain on PtSi (Fig. 5) . It increases by approximately 50 meV with 4% of tensile strain and decreases by 90 meV with the same magnitude of compressive strain. Because the SBH of PtSi/Si is 0.15-0.27 eV, 2 0.09 eV lowering may lower SBH to less than 0.1 eV, which is the condition for SB-MOSFETs to outperform conventional MOSFET. Indeed, the monotonic behavior of SBH will lead to easier tuning.
It is surprising that SBH is decreased under compressive strain. The SBH of holes can be expressed as 45 Φ p = (IE − φ) − 4πD int , where D int is the electric dipole density at the interface. The Fermi level of a metal usually elevates under compressive strain because electron density increases. The elevation of the Fermi level increases IE − φ. At the same time, it enhances the interface dipole term by inducing the transfer of more electrons from PtSi to Si, and, as a result, the change in SBH decreases. It is natural to expect that SBH changes by interface dipole would be smaller than the Fermi level changes because the Fermi level change is the cause of enhancing the dipole, and therefore Φ p was expected to increase under compressive strain. The opposite is expected for tensile strain. This unexpected observation may imply the importance of non-electronic effects such as structural changes.
Our calculations imply that strain-on-silicide can also be employed to tune the SBH at the PtSi/Si interface. SBH's flexibility in being able to can be lowered depending on the direction of applied strain can help in achieving low SBHs for both electrons and holes using the same metal. Although our model structure is quite far from the real interface in SB-MOSFETs, we believe that our results of SBH tuning using strain-on-silicides will motivate engineers to verify and, if they are successful, to implement SB-MOSFETs.
IV. CONCLUSIONS
In conclusion, we report the effect of strain applied on silicon or silicide on SBH at a PtSi/Si (001) interface. Irrespective of the direction of applied strain on Si, SBH decreases with the increasing strength of strain when strain is applied on the Si channel, whereas SBH changes almost linearly with the strain applied on PtSi. The predicted decreases in SBH are 0.07 eV for 2% tensile strain on Si and 0.09 eV for 4 % compressive strain on PtSi. It is found that structural and electronic relaxations at the interface weaken the SBH change. We also demonstrate the importance of interfacial structure in the barrier formation. In particular, we find that Pt penetration into the Si stabilizes the interface and lowers the SBH by at least 0.1 eV compared with bulk-terminated interfaces, which implies that theoretical studies that use conventionally used bulk-terminated interfaces have significant errors even when they apparently agree well with experimental observations. Given that we have shown that strain on both Si and PtSi can lower the SBH, it might be possible to develop higher-performing SB-MOSFETs by strain control. Especially, strain on silicide can
